One Sentence Summary: Flavobacterium columnare, a Gram-negative bacterium, responsible for significant economic loss to farm raised fish utilizes tilapia mucus and porcine gastric mucin as a nutrient source. Editor: Jeff Cole
INTRODUCTION
Colonization of the skin and gills of fish is the first step of Flavobacterium columnare pathogenesis (Decostere et al., 1999b; Shoemaker et al., 2008; Olivares-Fuster et al., 2011; Beck et al., 2012; Declercq et al., 2013) . Despite the worldwide economic impact of F. columnare to farmed freshwater fish production, little is known about how the bacterium contends with the mucosalwater interface. Traditionally, the mucosal surface of fish has been viewed as a physical and/or immunological barrier between the fish and its external environment (Rombout et al., 2011) . Mucus containing O-glycosylated high molecular weight mucin glycoproteins coats the fish (Pérez-Sánchez et al., 2013 ). An early experiment described the ability of F. columnare to grow as a biofilm in medium amended with Atlantic salmon (Salmo salar) surface mucus (Staroscik and Nelson 2008) . Klesius, Shoemaker and Evans (2008) demonstrated in vitro chemotaxis of F. columnare to channel catfish (Ictalurus punctatus) skin mucus. They speculated that movement was due to mucus possessing a lectin-like substance that bound F. columnare carbohydrate receptors and/or that F. columnare was moving in response to Decostere et al., (1999a) showed by scanning electron microscopy that numerous F. columnare were adhering to mucus exuded from goblet cells of carp (Cyprinus carpio). Olivares-Fuster et al., (2011) made a similar observation confirming that adhered F. columnare were clustered near mucus pores of channel catfish skin. Recently, Peatman et al., (2013) suggested that mucin-related genes (mucin-19-like, mucin-2-like and mucin-2) were upregulated in susceptible fish as compared to resistant fish, although they only examined two channel catfish families previously identified as resistant and/or susceptible to F. columnare (LaFrentz et al., 2012) . Shoemaker and LaFrentz (2014) suggested that F. columnare isolates potentially increase in virulence upon growth on/in a fish host. Based on the above studies and the role of the external mucosal surface of fish in F. columnare pathogenesis, we hypothesized that F. columnare could utilize mucus for growth and survival. The objective of these studies was to determine if F. columnare isolates of different genomovars could grow and survive in formulated water (FW) containing tilapia mucus or porcine gastric mucin.
MATERIALS AND METHODS

Bacterial culture
Flavobacterium columnare isolates utilized in this study were biochemically (Shoemaker et al., 2005) and genetically characterized (Table 1) . The isolates were grown overnight at 28
• C with shaking at 150 revolutions per minute (rpm) in 25 mL modified Shieh broth (MSB) (LaFrentz and Klesius 2009). Prior to use in growth and survival experiments, all cultures were adjusted to an optical density (OD) of 0.8 at 540 nm to yield ∼4-5 × 10 8 colony forming units (CFU) mL −1 . After adjusting, 1 mL of the culture was centrifuged at 22 ± 1 • C at 10 000 × g for 10 min in sterile microcentrifuge tubes. Following centrifugation, the cell pellet was washed twice with phosphate buffered saline (pH 7.2) using the above conditions. The cell pellet after the final wash was re-suspended in FW and used for the growth and survival experiments. The FW was prepared as described by Chowdhury and Wakabayashi (1988) . Briefly, 0.3 g NaCl, 0.1 g KCl, 0.02 g CaCl 2 ·2H 2 O and 0.04 g MgCl 2 ·6H 2 O were added to 1 L deionized water, pH adjusted to 7-7.4 and sterile filtered (0.2 μm).
Tilapia mucus and porcine mucin
Tilapia mucus was collected from two groups (pool 1-150 fish and pool 2-40 fish) of sex reversed hybrid tilapia (Oreochromis niloticus X O. aureus; mean weight of 13.5 g and length of 9.3 cm) that had been withheld from feed for 48 h to limit fecal matter in tank water. The use of tilapia in the collection of mucus was reviewed and approved by the Aquatic Animal Health Research Units, Institutional Animal Care and Use Committee. Briefly, two tilapia at a time were placed into a plastic bag (15 cm × 17 cm) containing 5 mL ice-cold sterile FW. The bag containing the tilapia was placed on ice for ≤3 min prior to removing the fish and collecting the mucus water solution into a sterile flask. After collection, the pooled mucus was centrifuged at 800 × g to remove debris (i.e. fecal matter and scales). The mucus water solution was autoclaved at 121
• C for 15 min and the protein content was determined by the Pierce Micro BCA assay (Themo Fisher Scientific Inc., Rockford, IL, USA) following manufacturer's directions. Porcine gastric mucin (Glenister et al., 1988) was purchased from Sigma Chemical Company (St. Louis, MO, USA) and was prepared by adding 0.1 g to 20 mL FW followed by autoclaving and the protein concentration was determined. Protein content of the sterile FW was negligible.
GROWTH AND SURVIVAL
Experiment 1
Glass Erlenmeyer flasks (50 mL) were prepared with 25 mL volumes of FW or FW with tilapia mucus (pool 1) at 79.5 μg mL −1 .
Four F. columnare isolates representing genomovars I (Israel), II (AL-02-36), II-B (ALG-00-515) and III (ARS-1) (Table 1) were used. All isolates were grown for 24 h in MSB and prepared as described under bacterial culture. Twenty-five microliters of each prepared isolate was inoculated into FW or FW with tilapia mucus in triplicate and incubated at 28
• C with shaking at 150 rpm.
Aseptic samples (100 μL) were collected at 0 and 6 h, and then at 1, 2, 3, 7, 14 and 21 days post-inoculation. Isolates AL-02-36 and ARS-1 were further sampled weekly for an additional six weeks (until day 56) or longer. Each 100 μL sample was serially diluted in FW and then plated onto modified Shieh agar using the spread plate method immediately following sampling to enumerate the number of viable F. columnare CFU mL −1 . The modified Shieh agar plates were incubated at 28
• C for 48 h prior to counting colonies.
Experiment 2
Glass Erlenmeyer flasks (50 mL) were prepared with 25 mL volumes of FW, FW with tilapia mucus (pool 2; 78 μg mL −1 ) or FW with porcine gastric mucin (78 μg mL −1 ). For this experiment, a genomovar I (Israel) and genomovar II (AL-02-36) isolates were used. Briefly, the Israel isolate was grown for 24 h in MSB and prepared as described under bacterial culture above. Twenty-five microliters of the Israel isolate was inoculated into FW, FW with tilapia mucus or FW with porcine mucin in triplicate and incubated at 28
• C with shaking at 150 rpm. Samples (100 μL) were obtained aseptically, and the number of viable CFU mL −1 present in each flask was determined at 0 and 6 h, and then at 1, 2, 3, 7, 14 and 21 days post-inoculation as described above. For the genomovar II (AL-02-36) isolate, two replicated studies were conducted. Briefly, the isolate (AL-02-36) was grown in MSB, prepared as above and 25 μL used to inoculate each prepared flask. For the first study, triplicate glass Erlenmeyer flasks (50 mL) were prepared with 25 mL volumes of FW, FW with tilapia mucus (pool 2; 78 μg mL −1 ) or FW with porcine gastric mucin (78 μg mL −1 ). Samples (100 μL) were obtained aseptically and the number of viable CFU mL −1 present in each flask was determined at 0 and 6 h, and then at 1, 2, 3 and 7 days. The second study consisted of inoculating 25 μL of a freshly prepared AL-02-36 culture into another group of triplicate glass Erlenmeyer flasks (50 mL) prepared with 25 mL volumes of FW, FW with tilapia mucus (pool 2; 78 μg mL −1 ) or FW with porcine gastric mucin (78 μg mL −1 ). Aseptic samples (100 μL) were obtained, and the number of viable CFU mL −1 present in each flask was determined at 0 and 6 h, and then at 1, 2, 3, 7, 14 and 21 days post-inoculation as described above.
STATISTICAL ANALYSIS
The average viable F. columnare CFU mL −1 for each isolate and growth condition were log transformed for data analyses. Data were analyzed and graphically represented using GraphPad Prism (version 5.03, GraphPad Software, Inc., La Jolla, CA, USA). The repeated measures ANOVA with Boneferroni's multiple comparison test was used to determine differences in the mean log CFU mL −1 between FW, FW with tilapia mucus and FW with porcine gastric mucin (experiment 2). Differences were considered significant at P < 0.05.
RESULTS
Experiment 1
The four genomovars of F. columnare replicated and survived in FW containing tilapia mucus. With the exception of time 0 and 6 h, significantly (P < 0.05) more bacteria were present in the FW containing tilapia mucus as compared to FW only ( Fig. 1A-D) . Flavobacterium columnare replicated and reached a peak CFU mL −1 at about 2-3 logs higher than the initial inoculum at 24
h for all isolates in the presence of mucus (Fig. 1A-D) . By 3-4 days post-inoculation, CFU mL −1 of F. columnare returned to levels similar to the initial concentration of bacterial cells used to inoculate the tilapia mucus supplemented FW and maintained these numbers for 77 and 109 days in the case of isolates AL-02-36 (genomovar II) and ARS-1 (genomovar III), respectively (data not shown). The F. columnare isolates in FW alone yielded a 2-3 log reduction in CFU mL −1 by ∼7 days post-inoculation, and the CFU mL −1 were maintained or slowly decreased over the study period ( Fig. 1A-D) .
Experiment 2
Flavobacterium columnare isolates Israel (genomovar I) and AL-02-36 (genomovar II) exhibited similar replication and survival in FW containing tilapia mucus and porcine gastric mucin. The CFU mL −1 of the Israel isolate increased about 2 logs at 24 h post-inoculation and decreased over time back to levels similar to that used to inoculate the flasks (Fig. 2) . In FW, the Israel isolate decreased about 2 logs at 48 h and maintained a fairly consistent number for the 21 days study (Fig. 2) . The AL-02-36 isolate showed an increase in CFU mL −1 of about 2-3 logs at 24
h post-inoculation in FW with tilapia mucus and porcine gastric mucin during the 7 days study (Fig. 3A ). There were no significant differences between the log CFU mL −1 of bacteria grown in FW with tilapia mucus or FW with porcine gastric mucin. In FW alone, the bacteria appeared to increase in number at 24 h and then decrease to the bacterial cell numbers used to inoculate the flasks. The log CFU mL −1 of bacteria grown in FW alone was significantly less (P < 0.05) when compared to FW with tilapia mucus or FW with porcine gastric mucin. A similar pattern was observed in the second study where the growth of isolate AL-02-36 was followed for 21 days post-inoculation (i.e. an increase of 2-3 logs in FW with tilapia mucus or porcine gastric mucin, Fig. 3B ).
In this study, the number of bacterial cells decreased steadily over time in the FW only treatment. Significantly, (P < 0.05) more bacteria were present in the FW with tilapia mucus or porcine gastric mucin as compared to the FW alone (Fig. 3B ).
DISCUSSION
The mucosal-water interface and the importance of this interaction on F. columnare pathogenesis are little studied. Results of this study demonstrated that four genetically distinct isolates of F. columnare (genomovars I, II, II-B and III) replicated and survived in FW containing tilapia mucus for an extended period. Staroscik and Nelson (2008) were the first to suggest the potential utilization of fish mucus by F. columnare, although they used media amended with boiled Atlantic salmon mucus. They suggested that the bacteria formed a biofilm and it was difficult to determine OD or CFU mL −1 . In our study, visual turbidity of the FW or FW containing tilapia mucus or porcine gastric mucin did not increase considerably. However, using standard plate counting we were able to demonstrate replication and survival of F. columnare in the presence of tilapia mucus or porcine gastric mucin. Porcine gastric mucin was included in this study because it is chemically defined (Glenister et al., 1988) , and potentially could serve as a model system to study mucin-F. columnare interactions in vitro. Porcine gastric mucin has been used as a model system for studying mucin-bacteria interactions of the nasopharynx (Yesilkaya et al., 2008) and oral cavity (Glenister et al., 1988) . Madetoja, Nystedt and Wiklund (2003) demonstrated survival of F. psychrophilum in sterilized fresh water for up to 300 days with a similar pattern to what we observed with F. columnare (i.e. a decrease of about 2 logs with no replication). Interestingly, Sundberg, Kunttu and Valtonen (2014) suggested replication of F. columnare initially in distilled water (at least on day 1) and sterilized lake water (at 1, 3, 7 and 10 days) followed by a slow but steady decline. In experiment 2, using a genomovar II isolate, we noted about a log increase at 24 h (Fig. 3A) , but in all other cases, no replication occurred in FW only. In our experiments, the bacteria were washed to remove media and a small inoculum (25 μL) was used to inoculate the flasks. In contrast, Sundberg et al., (2014) did not wash the bacterial cells and inoculated 1 mL of culture into 29 mL of water. The addition of nutrients by inoculating 1 mL of the fresh culture may have resulted in the apparent growth of F. columnare in water as suggested by Sundberg et al., (2014) . Declercq et al., (2013) provided a recent review of columnaris disease in fish that emphasized host-pathogen interaction. Similar to previous reports, the review suggested that the surface mucus layer is an important physical and/or immunological barrier. Demonstration that cutaneous injury resulted in increased pathogenesis of less virulent isolates indicated the antibacterial nature of fish mucus (Bader, Nusbaum and Shoemaker 2003; Tripathi et al., 2005) . Tripathi et al., (2005) suggested based on a difference of five CFU that incubation with carp mucus resulted in decreased F. columnare viability and suggested confirmation with stained cell viability. In our study, we did not use filter sterilized mucus but rather autoclaved mucus. Fish mucus consists of mucin as well many functional proteins including lysozyme, lytic peptides, complement components and antibodies (Shoemaker, Klesius and Lim 2001) . Autoclaving the mucus likely denatured these proteins and reduced the antibacterial nature of the mucus. It will be important to compare unheated mucus from healthy and immune fish in the future to ascertain antibacterial potential. Current work using molecular techniques has suggested that mucus-producing genes (i.e. mucin genes) are upregulated in families of channel catfish that are susceptible to F. columnare (Peatman et al., 2013) . This discovery coupled with present results using tilapia mucus suggests that fish mucus is a source of nutrients for F. columnare. underway to determine the potential of fish mucus to enhance the virulence of F. columnare and/or determine bacterial proteome changes in the presence of fish mucus. Growth and survival of F. columnare in mucus or mucin amended water demonstrates that F. columnare utilizes these as a nutrient source. Often times after stress of handling or hauling, fish slough mucus and shortly thereafter fish are seen with F. columnare infections. Tacchi et al., (2015) recently examined the influence of stress on skin mucosal homeostasis in rainbow trout (Oncorhynchus mykiss). Interestingly, under conditions mimicking transport stress, Tacchi et al., (2015) demonstrated that the mucin-2 gene was upregulated (5-fold) and that the mucus obtained from this group of fish was less effective in inhibiting Vibrio anguillarum growth in vitro. Their results support our assumption that transport stress may increase the risk of columnaris disease. The presence of mucus or mucin proteins may potentially regulate gene expression and virulence of F. columnare on the fish and/or in the environment.
